Parthenolide has been shown to have anti-inflammatory and antitumor properties. However, whether and how parthenolide enhances tumor sensitivity to radiation therapy are unknown. In this study, we show that inhibition of the nuclear factor-KB (NF-KB) pathway is a common mechanism for the radiosensitization effect of parthenolide in prostate cancer cells LNCaP, DU145, and PC3. Parthenolide inhibits radiation-induced NF-KB DNAbinding activity and the expression of its downstream target sod2, the gene coding for an important antiapoptotic and antioxidant enzyme (manganese superoxide dismutase) in the three prostate cancer cells. Different susceptibilities to parthenolide's effect are observed in two radioresistant cancer cells, DU145 and PC3, with DU145 cells showing higher sensitivity. This differential susceptibility to parthenolide is due, in part, to the fact that in addition to NF-KB inhibition, parthenolide activates the phosphatidylinositol-3-kinase/Akt prosurvival pathway in both cell lines. However, the activated Akt in DU145 cells is kept at a relatively low level compared with that in PC3 cells due to the presence of functional PTEN. Transfection of wild-type PTEN into PTEN-null cells, PC3, confers the enhanced radiosensitization effect of parthenolide in PTEN-expressing cells. When PTEN expression is knocked down in DU145 cells, the cells become more resistant to parthenolide's effect. Taken together, these results suggest that parthenolide inhibits the NF-KB pathway and activates the phosphatidylinositol-3-kinase/Akt pathway in prostate cancer cells. The radiosensitization effect of parthenolide is due, in part, to the inhibition of the NF-KB pathway. The presence of PTEN enhances the radiosensitization effect of parthenolide, in part, by suppressing the absolute amount of activated p-Akt. [Mol Cancer Ther 2007;6(9):2477 -86] 
Introduction
Prostate cancer is the most common cancer type and was the third leading cause of cancer death among U.S. men in 2006 (1) . Radiation therapy is frequently used to treat early stage and inoperable locally advanced prostate cancer. The outcome of radiation therapy can be greatly improved if higher doses of radiation are applied, especially for patients with unfavorable tumors (i.e., stage T 3 lesions, pretreatment prostate-specific antigen levels >10 ng/mL, or biopsy Gleason scores z7). For these patients, the 5-year cancerfree survival rate increased from 41% to 75% when radiation dose was increased to >7,200 cGy (2) . However, the side effects and late complications resulting from highdose radiation will increase to an unacceptable level, which limits the use of high doses of radiation. Another problem in radiation therapy is that tumor cells develop radioresistance. Therefore, it is important to find agents that sensitize malignant tumor cells to radiation therapy, thus minimizing radiation toxicity to surrounding organs by lowering effective therapeutic doses.
Many mechanisms are involved in the development of radioresistance in tumor cells. One of the possible mechanisms is activation of the nuclear factor-nB (NF-nB) signaling pathway. It has been shown that approximately two-thirds of the biological damage by radiation is due to free radical -mediated indirect action (3) . NF-nB is a redoxsensitive transcription factor family regulating cell survival and death. In response to radiation-induced reactive oxygen species, the NF-nB pathway is activated (4) . There are five members in the NF-nB family: RelA (p65), RelB, c-Rel, NF-nB1 (p105/p50), and NF-nB2 (p100/p52). NF-nB is normally sequestered in the cytoplasm by its inhibitor InB family members in an inactive complex. Two NF-nB activation pathways exist. The classical pathway activates the InB kinase complex, which consists of IKKa, IKKh, and IKKg, leading to InBa phosphorylation, ubiquitination, and further degradation by the 26S proteasome. As a result, the p50:RelA dimer is released and translocated into the nucleus. The alternative pathway activates the IKKa homodimer, leading to the partial degradation of p100 and activation of the p52:RelB dimer. Russell and Tofilon reported that radiation activates the classical NF-nB pathway by selective degradation of plasma membraneassociated InBa (5) . Our previous study shows that RelB is also activated by radiation (6) . Activation of NF-nB induces the transcription of its target genes, which are involved in antiapoptosis and tumor metastasis (7) . Among numerous NF-nB downstream targets, manganese superoxide dismutase (MnSOD) has been identified as a constitutively and immediately accessible NF-nB target (8) . MnSOD is a nuclear-encoded primary antioxidant enzyme localized in the mitochondria. The known function of MnSOD is to remove superoxide radicals in mitochondria (9) . Overexpression of MnSOD is protective against radiationinduced cell death (6, 10, 11) .
We and others have shown that NF-nB is constitutively activated in aggressive prostate cancer (6, 12) , which may be responsible for the intrinsic radioresistance of some prostate cancer cells. Thus, inhibition of the NF-nB pathway represents a target to enhance the sensitivity of prostate cancer to radiation therapy.
Parthenolide is a major active component of the herbal medicine feverfew (Tanacetum parthenium), which is conventionally used in Europe to treat inflammatory diseases such as fever, migraine, and arthritis (13) . Parthenolide has been shown to inhibit growth or induce apoptosis in a number of tumor cell lines (14 -17) . More remarkably, it has been shown that parthenolide is cytotoxic to hepatoma cells and leukemia cells whereas sparing normal liver cells and hematopoietic cells (14, 16) , suggesting that the cytotoxic effect of parthenolide may be selective for tumor cells. Many mechanisms are postulated to be involved in the antitumor effect of parthenolide, including inhibition of nucleic acid synthesis (18) , depletion of thiols, induction of oxidative stress (14, 15) , induction of mitochondria dysfunction (14) , disruption of intracellular calcium equilibrium (15) , induction of cell cycle G 2 -M phase arrest (14, 19) , sustained activation of c-Jun-NH 2 -kinase (20, 21) , and inhibition of NF-nB (21) . It has also been shown that parthenolide sensitizes cancer cells to various apoptosisinducing agents mainly through inhibition of NF-nB (22) . However, whether parthenolide sensitizes cancer cells to radiation-induced cell death and whether inhibition of NF-nB is sufficient for the radiosensitization effect of parthenolide remain unknown.
Phosphatase and tensin homologue deleted on chromosome 10 (PTEN) is a tumor suppressor protein with dual-specificity protein phosphatase activity (23) . It dephosphorylates focal adhesion kinase, a major regulator of the integrin signaling pathway (24) , as well as the Src-homology collagen protein (Shc), and thus inhibits the growth factor -induced mitogen-activated protein kinase signaling pathway (25) . PTEN also functions as a lipid phosphatase and dephosphorylates the second messenger phosphatidylinositol-3,4,5-trisphosphate (PIP 3 ) to antagonize the phosphatidylinositol-3-kinase (PI3K) signaling pathway (26) . Loss of chromosome 10q, which harbors the PTEN gene, is found in f60% of advanced prostate cancers (27) . Functional loss of PTEN and subsequent activation of the PI3K/Akt (v-akt murine thymoma viral oncogene homologue 1, also called protein kinase B) pathway have been widely implicated in the progression to metastasis of prostate cancer. In this study, we used three prostate cancer cell lines, including the radiosensitive LNCaP cells and two radioresistant cell lines, DU145 (PTEN wild-type) and PC3 (PTEN null), to investigate whether PTEN cooperates with NF-nB in the radiosensitization effect of parthenolide.
Materials and Methods
Cell Culture and Treatment Human prostate cancer cell lines LNCaP, DU145, and PC3 were obtained from American Type Culture Collection. LNCaP and PC3 cells were cultured in RPMI 1640 (Invitrogen) supplemented with 10% fetal bovine serum, 1% penicillin and streptomycin mixture, 1 mmol/L of sodium pyruvate, 10 mmol/L of HEPES, 1% NEAA mixture (Cambrex), 1% MEM vitamin mixture (Cellgro), and 2 mmol/L of L-glutamine. DU145 cells were cultured in MEM (Sigma) supplemented with 10% fetal bovine serum, 1% penicillin and streptomycin mixture, 1 mmol/L of sodium pyruvate, and 0.1 mmol/L of nonessential amino acids. Cells were grown in a 5% CO 2 atmosphere at 37jC. The parthenolide stock solution (5 mmol/L) was prepared in DMSO and diluted in culture medium to the indicated final concentration for cell treatment. DMSO (0.1%) diluted in medium was used as vehicle control. A 130 kv X-ray machine (Faxitron X-ray Corporation) was used to radiate cells, with a dose rate of 89.7 cGy/min.
Clonogenic Survival Assay Cells were trypsinized and plated in triplicate into sixwell plates at different densities based on cell types and doses of radiation. LNCaP, DU145, and PC3 cells were plated at a density of 2,000 to 10,000 cells/well, 100 to 600 cells/well, and 100 to 500 cells/well, respectively. Cells were treated with the indicated concentrations of parthenolide or vehicle control for 24 h prior to exposure to the indicated doses of radiation. Twenty-four hours after radiation treatment, the medium containing parthenolide was removed and cells were maintained in normal culturing medium. Twelve days after the cells were plated, they were washed and stained with crystal violet, and the colonies containing >50 cells were counted. Plating efficiency was calculated by dividing the average number of cell colonies per well by the amount of cells plated. Survival fractions were calculated by normalization to the plating efficiency of appropriate control groups. The dosemodifying factor is calculated from the ratio of the doses of radiation in the absence or presence of the drug to achieve the same cell survival.
3-(4,5-Methylthiazol-2-yl)-2,5-Diphenyl-Tetrazolium Bromide Assay
Cells were plated at a density of 5,000 cells/well into 96-well plates and were grown overnight. Then cells were pretreated with the indicated concentrations of parthenolide for 3 h, and exposed to 6 Gy of radiation or sham-irradiated. Twenty-four hours after the radiation, parthenolidecontaining medium was replaced with normal culturing medium. Five days after radiation, 3-(4,5-methylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (50 Ag/well) was added and incubated at 37jC for 1 h. After removal of medium, 200 AL of DMSO was added to each well to dissolve the purple formazan crystal. The absorbance was measured at 540 nm. The cell survival was referenced to the control group.
Nuclear Extracts Preparation and Electrophoretic Mobility Shift Assay
Cells were collected and suspended in 500 AL of buffer A (10 mmol/L HEPES-KOH with 1. Western Blot Analysis For each treatment group, certain amounts of the whole cell lysate were separated on 10% SDS-PAGE gel and transferred onto a nitrocellulose membrane. After blocking in 5% milk for 1 h, the membrane was incubated with the primary antibody, followed by the corresponding secondary antibody. The signals were detected by the enhanced chemiluminescence system and quantified by Quantity One (Bio-Rad). Anti-MnSOD antibody was purchased from Upstate, antiactin antibody from Sigma, Akt and phosphor-Akt (Ser 473 ) antibody from Cell Signaling Technology, PTEN antibody from Santa Cruz Biotechnology. concentrations of parthenolide (PN ) for 24 h, and then exposed to the indicated doses of radiation. Twenty-four hours after radiation, the medium containing parthenolide was removed. Cells were then maintained for another 9 d. The cultures were stained and the colonies containing >50 cells were counted. Survival fraction was determined by dividing the plating efficiency of radiated cultures by the plating efficiency of nonradiated cultures. Points, means of triplicates; bars, SD. *, P < 0.05 compared with DMSO-treated counterpart. B, 3-(4,5-methylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide assay. Cells were pretreated with the indicated concentrations of parthenolide for 3 h, and then exposed to 6 Gy of radiation. Twenty-four hours after radiation, the medium containing parthenolide was removed. Cells were then maintained for another 4 d.
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SOD Activity Gel Electrophoresis
Cellular SOD activities were measured based on the inhibition of the reduction of nitroblue tetrazolium by SOD as described by Beauchamp and Fridovich (28) . Briefly, 50 Ag protein samples in 0.05 mol/L of phosphate buffer were loaded on a 12.5% native polyacrylamide gel. Electrophoresis was carried out at 4jC overnight. Following electrophoresis, the gel was stained in the dark for SOD activity with 2.43 mmol/L of nitroblue tetrazolium for 20 min, riboflavin-TEMED solution for 15 min, and then exposed to light. The achromatic bands showed the presence of SOD activity.
Transfection of Cells with Plasmid DNA and Short Interfering RNA and Determination of Cell Survival by Trypan Blue Exclusion Assay
The green fluorescent protein (GFP)-PTEN expression construct was kindly provided by Dr. Vivek M. Rangnekar (University of Kentucky). PTEN short interfering RNA (siRNA) and scrambled control siRNA were purchased from Santa Cruz Biotechnology. Cells were plated into 12-well plates, and transiently transfected with GFP-PTEN expression plasmid and GFP control plasmid, PTEN siRNA, and control siRNA by using LipofectAMINE 2000 (Invitrogen) according to the manufacturer's instructions. Briefly, 1 Ag of plasmid DNA or 36 pmol of siRNA was mixed with 50 AL of incomplete medium without fetal bovine serum and antibiotics, and then complexed with a mixture of 3 AL of LipofectAMINE and 50 AL of incomplete medium for 20 min at room temperature. The mixture was diluted with 500 AL of incomplete medium and added to the cells. After 5 h, the medium was replaced with 1 mL of complete medium containing 10% fetal bovine serum and incubated overnight. Parthenolide was added to the medium, and 24 h later, cells were treated with 6 Gy of radiation or sham-irradiated. After another 24 h, the cells were processed for trypan blue exclusion assay and collected for Western blot analysis. Cell suspension (20 AL) was mixed with 20 AL of 0.04% trypan blue solution, loaded on to a hemocytometer. Cells were counted under light microscope. Dead cells retained the dye whereas the viable cells excluded trypan blue and appeared bright. The cell survival was calculated against the relative control group.
Statistical Analysis Statistical analysis was done by using either Student's t test (for two-group comparison) or one-way ANOVA (for multiple-group comparison). Data are reported as mean F SD.
Results

Parthenolide's Efficiency in Sensitizing LNCaP, DU145, and PC3 Cells to RadiationTreatment Differs
To determine whether parthenolide can enhance the sensitivity of prostate cancer cells to radiation treatment, Figure 2 . Parthenolide inhibits radiation-induced NF-nB DNA-binding activity in prostate cancer cells. A, cells were treated with DMSO or 5 Amol/L of parthenolide for 3 h before ionizing radiation (IR ). Nuclear extracts were prepared at 6 h after 6 Gy of ionizing radiation for electrophoretic mobility shift assay with radiolabeled NF-nB probes. B, anti-p50 and anti-p65 antibodies were used for supershift.
three human prostate cancer cell lines, LNCaP, DU145, and PC3, were plated for clonogenic cell survival assay. In the absence of parthenolide, LNCaP cells were much more sensitive to radiation treatment than DU145 and PC3 cells were (Fig. 1A) , which is consistent with our previous result (6). Exposure to 6 Gy of radiation killed 90% of LNCaP cells but only f80% of DU145 and PC3 cells. Parthenolide sensitized all three prostate cancer cell lines to radiation treatment in a dose-dependent manner. LNCaP cells were most sensitive to parthenolide treatment. The lowest concentration of parthenolide to show the radiosensitization effect at 2 Gy radiation was 0.25 Amol/L in LNCaP cells, 0.5 Amol/L in DU145 cells, and 1.5 Amol/L in PC3 cells. Because LNCaP cells showed high sensitivity to radiation alone, we focused our study of the radiosensitization effect of parthenolide on the radioresistant aggressive prostate cancer cell lines, DU145 and PC3. In these two cell lines, DU145 showed significantly greater sensitivity to parthenolide treatment. The dose-modifying factor of 1.0 Amol/L of parthenolide at 0.37 survival fraction (D 1 ) were 1.8 and 1.3 in DU145 and PC3 cells, respectively. For 1.5 Amol/L of parthenolide, the dose-modifying factors were 2.6 and 1.6 in DU145 and PC3 cells, respectively. The different radiosensitization efficiency of parthenolide in DU145 and PC3 cells was further shown by 3-(4,5-methylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide assay (Fig. 1B) . Due to the higher cell density used in 3-(4,5-methylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide assay compared with clonogenic assay, higher concentrations of parthenolide were used. Consistent with the results of clonogenic survival assay, the radiosensitization effect of parthenolide was dose-dependent in both DU145 and PC3 cells (Fig. 1B) , with 5 Amol/L of parthenolide showing the most remarkable effect. There was no significant difference between the radiosensitivity of DU145 cells and PC3 cells in the absence of parthenolide. The relative cell survival after 6 Gy of radiation was 0.62 F 0.03 in DU145 cells, and 0.68 F 0.03 in PC3 cells (P > 0.05) in the absence of parthenolide. Parthenolide showed higher toxicity and a higher radiosensitization effect in DU145 cells than in PC3 cells. At the 5th day after 5 Amol/L of parthenolide treatment, the relative cell survival fraction was only 0.12 in DU145 cells, whereas it was 0.65 in PC3 cells. After 6 Gy of radiation, the relative cell survival decreased from 0.12 to 0.02 (decrease of 83.3%) in the presence of 5 Amol/L of parthenolide in DU145 cells, whereas in PC3 cells, it decreased from 0.65 to 0.21 (decrease of 67.8%). Due to the high cell density for determining biochemical and molecular biology end points, we used 5 Amol/L of parthenolide in all subsequent studies. Parthenolide Inhibits Radiation-Induced NF-KB Activation in Prostate Cancer Cells
Nuclear extracts from cells treated with radiation in the absence or presence of parthenolide were analyzed for NF-nB DNA-binding activity by electrophoretic mobility shift assay. NF-nB DNA-binding activity was clearly increased by 6 h after radiation in all three cell lines ( Fig. 2A) . DU145 and PC3 showed higher NF-nB DNAbinding activity compared with LNCaP cells (Fig. 2B) , which is consistent with the aggressive and radioresistant characteristics of these two cell lines. Parthenolide inhibited radiation-induced NF-nB DNA-binding activity in all three cancer cell lines, especially the p65/ p50 heterodimer-binding activity, which is shown as the top band on the gel because it can be supershifted by both p65 and p50 antibodies (Fig. 2B) . This result is consistent with previous reports that parthenolide could inhibit NF-nB activity by directly targeting the InB kinase complex (29, 30) , thus inhibiting NF-nB nuclear translocation, especially the p65 complex (31) . Because NF-nB activation has been well-established as a mediator of radioresistance (32), these results suggest that parthenolide may exert its radiosensitization effect in prostate cancer cells by inhibiting radiation-induced NF-nB activation, thereby suppressing the transcription of NF-nB target genes involved in regulating cell survival and death.
Parthenolide Suppresses MnSOD Induction by Radiation in Prostate Cancer Cells
Radiation exerts its effect largely by inducing oxidative stress. MnSOD is an important antioxidant enzyme induced by radiation. Therefore, we determined the effect of parthenolide on the expression of MnSOD, a well-established radiation-induced NF-nB target gene (6, 33) . Radiation induced MnSOD protein levels in all three prostate cancer cell lines 24 and 48 h after radiation (Fig. 3A) . In DU145 and PC3 cells, the induction of MnSOD was higher than in LNCaP cells (Fig. 3B) , which is consistent with the relative radioresistance of these two cell lines. Parthenolide suppressed radiation-induced MnSOD in all three cancer cell lines used. This further showed that the transcription activity of NF-nB was inhibited in all three cancer cell lines. Consistent with the changes in MnSOD protein levels, the increase in MnSOD activity by radiation, determined by SOD activity gel electrophoresis, was also suppressed in the presence of parthenolide in PC3 cells (Fig. 3C) . CuZnSOD activity was shown as a loading control which did not change significantly with treatment. Suppression of MnSOD will expose cells to radiationinduced oxidative stress; thus, this result suggests that the radiosensitization effect of parthenolide may be partially mediated through the inhibition of radiation-induced MnSOD expression.
Parthenolide Activates Akt Greater radiosensitization effect of parthenolide was observed in DU145 cells than in PC3 cells (Fig. 1) . Both DU145 and PC3 cells are androgen-independent radioresistant aggressive prostate cancer. Neither has any functional p53 and they are known to have comparable levels of NF-nB (34). One of the major differences of these two cell lines is their PTEN status. DU145 cell is known to have functional PTEN, whereas PC3 is PTEN-null. The major function of PTEN is to dephosphorylate the second messenger PIP 3 and to antagonize the PI3K/Akt, a prosurvival pathway. To elucidate the effects of PTEN on the differential radiosensitization efficiency of parthenolide in these two prostate cancer cell lines, we determined the effect of parthenolide on Akt activation. When we loaded 30 Ag of proteins from both PC3 and DU145 whole cell lysates, as expected, PTEN-competent DU145 cells expressed a much lower level of activated p-Akt compared with PC3 cells at baseline (Fig. 4A) . However, in order to ensure the detection of p-Akt in DU145 cells, protein was overloaded in PC3 cells, and therefore, the changes of p-Akt level caused by radiation and parthenolide were not in the linear range for densitometry. To show a better trend of treatment-induced changes in the p-Akt levels in these two cell lines, we loaded different amounts of protein for these two cell lines so that the levels of p-Akt were in the linear range. Radiation induced the phosphorylation of Akt in both cell lines, with the induction peak at 1 h after radiation (Fig. 4B) . A previous study showed that activation of Akt after radiation was very rapid (10 -15 min; ref. 35) , and our data confirmed that this was an early event. The differences in peak times seem to be cell typespecific. Parthenolide alone increased the phosphorylation of Akt. When radiation was combined with parthenolide, greater induction of Akt phosphorylation was observed in both cell lines. In DU145 cells, which have wild-type PTEN, the phosphorylation of Akt was kept at a relatively low level compared with that in PC3 cells. Even with combined radiation and parthenolide treatments, the level of p-Akt in DU145 cells remained lower than the basal level in PC3 cells (Fig. 4A) . Consistent with the prosurvival role of the p-Akt pathway, the radiosensitization effect of parthenolide was lower in PC3 cells, which have much higher levels of p-Akt after parthenolide treatment compared with DU145 cells similarly treated.
PTEN Enhances the Radiosensitization Effect of Parthenolide
To directly test the role of PTEN in the radiosensitization effect of parthenolide in the two prostate cancer cell lines, we overexpressed PTEN in PTEN-null cell line PC3 and knocked down PTEN expression in PTEN wild-type cell line DU145 and determined cell survival after radiation and parthenolide treatments. We transfected GFP control plasmid and GFP-PTEN expression plasmids into PC3 cells. The transfection efficiency was f85% based on the percentage of GFP-positive cells under fluorescent microscope (data not shown). Compared with the cells transfected with GFP alone, in the presence of GFP-PTEN expression, the normalized cell survival was decreased by 44% when treated with 5 Amol/L of parthenolide alone, 16% when treated with 6 Gy of radiation alone, and 68% when treated with parthenolide combined with radiation (Fig. 5A) . Overexpression of GFP-PTEN in PC3 cells conferred the cells more susceptible to parthenolide and radiation toxicity, and also enhanced the radiosensitization effect of parthenolide. Consistent with the role of PTEN, the phosphorylation of Akt induced by parthenolide, radiation, and combined treatment was inhibited in the presence of GFP-PTEN (Fig. 5A) . In a complementary experiment, PTEN was knocked down in DU145 cells by using PTEN Figure 5 . The presence of PTEN enhances the radiosensitization effect of parthenolide. A, PC3 cells were transiently transfected with GFP control plasmid and GFP-PTEN expression plasmid. Parthenolide was added to the medium, and 24 h later, cells were treated with 6 Gy of radiation or shamirradiated. After an additional 24 h, the cells were processed for trypan blue exclusion assay and collected for Western blotting. Cytotoxicity was normalized to the corresponding control group. *, P < 0.05, compared with the cells transfected with GFP control plasmid. The fold changes of p-Akt/total Akt were normalized to controls with no treatment. B, DU145 cells were transiently transfected with control siRNA and PTEN siRNA. Cells were treated in the same way as in A for cytotoxicity assay and Western blot. *, P < 0.05, compared with the cells transfected with control siRNA.
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Mol Cancer Ther 2007;6(9). September 2007 siRNA. Compared with the cells transfected with control siRNA, in the cells in which PTEN expression was knocked down, the normalized cell survival was increased by 53% when treated with 5 Amol/L of parthenolide alone, 54% when treated with 6 Gy of radiation alone, and 74% when treated with parthenolide combined with radiation (Fig. 5B) . Abrogation of PTEN expression in DU145 cells rendered the cells more resistant to the combined effect of parthenolide and radiation. Consistently, the phosphorylation of Akt induced by parthenolide, radiation, and combined treatment was further increased when PTEN expression was knocked down (Fig. 5B) . Together, these results suggest that the presence of PTEN enhanced the radiosensitization effect of parthenolide.
Discussion
Our results show that parthenolide sensitized prostate cancer cells to radiation treatment. Among the three prostate cancer cell lines used in our study, LNCaP cells express androgen receptor and have wild-type p53. Both DU145 and PC3 cells are androgen receptor -negative and have no functional p53 (36) . The androgen-responsive LNCaP cells showed higher sensitivity to radiation treatment, which is consistent with previous studies (6, 37) . Several factors can contribute to the fact that LNCaP cells are sensitive to radiation: (a) LNCaP cells have functional p53, (b) low activity of NF-nB in LNCaP cells, and especially, a low level of RelB (6) , and (c) the presence of androgen receptor in LNCaP cells is antagonistic to NF-nB function (38, 39) . Because LNCaP cells are sensitive to radiation treatment, our studies of the radiosensitization effect of parthenolide have been focused on the radioresistant cell lines, DU145 and PC3.
It has been shown that parthenolide inhibits the NF-nB pathway by targeting the InB kinase complex (29, 30) or directly modifying p65 (31) . The a-methylene-g-lactone functional group in parthenolide can react with nucleophiles, such as cysteine sulfhydryl groups, in a Michael addition reaction (40) . Inhibition of the NF-nB pathway by parthenolide is considered to be a consequence of alkylation of cysteine 179 of IKKh or cysteine 38 of p65. Previous studies have shown that parthenolide sensitizes cancer cells to various apoptosis-inducing agents through inhibition of NF-nB (22) . In our study, inhibition of NF-nB and its downstream target, MnSOD, seems to be a common mechanism for the radiosensitization effect of parthenolide in the prostate cancer cell lines studied. NF-nB activation induces many genes with antiapoptotic activities, including MnSOD, a mitochondria antioxidant enzyme that scavenges reactive oxygen species. Inhibition of the NF-nB pathway has been shown to sensitize prostate cancer cells to radiation treatment. Kim et al. (41) showed that using proteosome inhibitor-1 to inhibit NF-nB activation could increase the radiosensitivity of Ki-Ras -transformed human prostate epithelial 267B1/K-ras cells. Our previous finding showed that selective inhibition of RelB by dominant negative p100 significantly sensitized prostate cancer cells to ionizing radiation (6) . The present study extends those findings to show that parthenolide inhibited radiation-induced NF-nB activation in all prostate cancer cell lines tested ( Fig. 2A) and sensitized them to radiation treatment.
MnSOD is a key antioxidant enzyme that regulates cell transformation, tumor growth, and cell response to stressinducing therapeutic regimens (42) . Previous studies have shown that radiation induces cellular reactive oxygen species levels and MnSOD expression (6, 43) . Inhibition of MnSOD expression by antisense MnSOD or selective inhibition of RelB can enhance the radiosensitivity of tumor cells (6, 43) . In the present study, we show that parthenolide inhibited radiation-induced MnSOD expression in three prostate cancer cell lines (Fig. 3) . Because MnSOD is capable of removing superoxides generated by radiation, the radiosensitization effect of parthenolide is likely to be mediated, in part, by the inhibition of MnSOD expression and activity.
Although our results showed that parthenolide sensitized both radioresistant prostate cancer cells, DU145 and PC3, to radiation in a dose-dependent manner (Fig. 1A) , the efficiencies of parthenolide's effect were different in the two cell lines. Higher toxicity and a higher radiosensitization effect of parthenolide were observed in DU145 cells. Because similar activities (Fig. 2B) and levels (34) of NF-nB, and a similar level of inhibition of the NF-nB target gene, MnSOD, by parthenolide (Fig. 3B) were detected in the two radioresistant prostate cancer cell lines, the different susceptibilities of the two cell lines to parthenolide suggests that besides inhibition of NF-nB, other mechanisms might be involved in the effect of parthenolide. We tested this hypothesis by examining the effect of parthenolide on the PI3K/Akt pathway in the two cell lines with different PTEN status. Our results suggest that the PI3K/Akt pathway is activated by parthenolide and the different cellular status of PTEN makes a difference in the cell susceptibility to parthenolide's effect. The PI3K/Akt pathway is activated in response to growth factors and adhesion to the matrix or other cells. It promotes normal cell growth and proliferation. Activated PI3K converts PI(4,5)P 2 to PI(3,4,5)P 3 (PIP 3 ), which is a lipid second messenger that activates many downstream molecules by binding to their pleckstrin-homology domains. PIP 3 recruits Akt to the cell membrane and allows phosphatidylinositol-dependent kinase 1 (PDK1) and a second kinase (termed PDK2, although not yet conclusively identified) to phosphorylate and activate Akt at Thr 308 and Ser 473 , respectively. Activated Akt promotes both cell growth and cell survival by phosphorylation and inactivation of its downstream substrates including glycogen synthase kinase 3 (GSK3), the proapoptotic protein BCL2-antagonist of cell death (BAD), and the forkhead (FOXO) family of transcription factors, which promotes expression of p27-Kip1, a cell cycle inhibitor. It also activates the mammalian target of rapamycin by phosphorylating and inactivating tuberous sclerosis complex 2, thus promoting protein synthesis. The prosurvival role of Akt accounts for its transforming potential and for the resistance of cancer cells to some chemotherapeutic agents and ionizing radiation (44, 45) .
Radiation-induced activation of the PI3K/Akt prosurvival pathway is considered to be an important contributor to radioresistance in cancer cells. Gottschalk et al. (46) showed that PI3K inhibitor LY294002 sensitized prostate cancer cells to radiation through inactivation of Akt. Cao et al. (47) showed that the mammalian target of rapamycin inhibitor, RAD001, sensitized prostate cancer cells to radiation treatment. Our results show (Fig. 4B) that the PI3K/Akt pathway was activated by radiation in two radioresistant prostate cancer cell lines. This may contribute to their radioresistance. When parthenolide activates the PI3K/Akt pathway, its radiosensitization effect, resulting from inhibition of the NF-nB pathway, may be counteracted. Thus, the activation of the PI3K/Akt pathway by parthenolide participates in determining cell susceptibility to its radiosensitization effect. The fact that a significant radiosensitization effect was observed in the two radioresistant prostate cancer cell lines in spite of the activation of the PI3K/Akt pathway suggests that parthenolide's inhibition of the NF-nB pathway overwhelms its effect of activating the PI3K/Akt pathway in determining cell response to radiation.
PTEN is a tumor suppressor which antagonizes PI3K by degrading PI(3,4,5)P 3 back to PI(4,5)P 2 . PTEN mutations have been identified in 10% to 15% of all prostate cancers (48) and in up to 60% of advanced prostate cancers with multiple metastases or in prostate cancer cell lines (27) . Haploinsufficiency of the PTEN gene has been shown to promote prostate cancer progression in a transgenic mouse model (49) . The PI3K/Akt pathway can be activated by the deletion of PTEN (46) . Loss of functional PTEN and the subsequent activation of the PI3K/Akt pathway may render cells more resistant to radiation treatment in advanced prostate cancer. Rosser et al. (50) showed that adenoviral-mediated PTEN transgene expression sensitizes prostate cancer cells to radiation. Our study confirms the results from the earlier study and extend to show that the presence of PTEN enhances the radiosensitization effect of parthenolide, in part, by suppressing the absolute amount of activated p-Akt. Our data suggest that the radiosensitization effect of parthenolide will be less effective in aggressive prostate cancer cells lacking wild-type PTEN. Thus, in order to get a better radiosensitization effect from parthenolide, an analogue of parthenolide which inhibits NF-nB but does not activate the PI3K/Akt pathway should be used. Alternatively, inhibitors of the PI3K/Akt pathway should be combined with parthenolide for cells deficient in PTEN functions.
In summary, the present study shows that parthenolide exerted its radiosensitization effect in prostate cancer cells, in part, by inhibiting the NF-nB pathway and its downstream target MnSOD. However, parthenolide also activated the PI3K/Akt prosurvival pathway, which might affect cell susceptibility to parthenolide's effect. The presence of PTEN enhanced the radiosensitization effect of parthenolide by antagonizing the PI3K/Akt pathway. Understanding the mechanisms that are involved in the radiosensitization effect of parthenolide will enhance our ability to further improve the use of parthenolide as an effective adjuvant in radiation therapy of prostate cancer.
